The deltoid muscle (DM) 
IntroductIon
The deltoid muscle (DM) plays an essential role in retaining the stability and correct function of the upper limb [29, 31] . The DM is innervated by the axillary nerve (AN), running in the vicinity of the surgical neck of the humerus [29, 37] . The position of the AN is, however, associated with greater risk of damage, potentially resulting in paralysis or paresis of the DM [2, 32, 38] . There have also been recorded cases of AN paralysis following intramuscular injections in the DM region [9, 11] . The risk of damage to the shoulder region is exacerbated by the fact that it is also frequently operated on [7, 8, 22, 32, 38] .
Biomechanical models of the musculoskeletal system are often used in practice for the purpose of studying muscle coordination and simulating the effects of surgical procedures, e.g. joint replacements or tendon transfers [17, 26] . Data used in creating such models has, to a large extent, been obtained by anatomy research [17] . Procedures such as glenohumeral (GH) joint endoprothesoplastic surgery or repair operations of fractures located in the proximal end of the humerus require surgical intervention in the DM region [22, 23, 25, 32, 38] . Another surgical technique performed in this area is transfer of the spinal part of the DM to the long head of the triceps in order to enhance extension at the GH joint in patients with radial nerve palsy [10, 14] . Hence, the precise morphology and the nature of the innervation of the DM are clinically relevant and should be of interest to trauma surgeons and anatomists.
The DM can be divided into three parts: anterior-clavicular, middle-acromial and posterior-spinal. However, the functions of the individual parts of the DM vary [29, 31, 37] . Recent studies have additionally suggested that the DM consists of a few anatomical and functional segments which may, to a large extent, be independently coordinated by the nervous system [3, 5, 15, 34, 40] . Specific issues concerning the relationship between the innervation and the muscle segments of the DM were not described, even in the latest research of Sakoma et al. [34] , from 2011.
Taking into account the functional aspects, including the concept of anatomy trains used in physiotherapy, it seems also reasonable to analyse connections of the DM with the adjacent muscles, mainly particularly with fascial structures [30, 33] .
The aims of the study are: (1) To analyse the DM structure and confirm whether there is a scheme of the DM innervation corresponding to the segmented morphology of the muscle; (2) To make a detailed description of the parameters of individual DM attachments; (3) To present a wider view of the anatomical connections of the DM to the adjacent structures by fascial structures.
MaterIals and Methods
For the purpose of the study, 17 upper limbs (9 right and 8 left) fixed in a 10% formalin solution were used as specimens. Only those limbs with an anatomical position at the GH joint were selected. Any specimen displaying deformations, injuries and scars in the shoulder and arm region were excluded prior to admission. The research project and all procedures were approved by the Bioethics Commission of the Medical University of Lodz (protocol no. RNN/491/11/KB).
At the initial stage of the dissection, classic methods were used: cautious removal of skin along with subcutaneous tissue from the shoulder and arm region while retaining the fascia. Following this, the lengths of the individual parts of the DM were measured, as well as the width of their attachments. Anthropometric points were indicated with pins. Each measurement was repeated to an accuracy of within 1 mm, and the average of both measurements, rounded up to 1 mm, was accepted as the final result.
The acromial end of the clavicle was accepted as the borderline between the anterior part and the middle part of the DM. The boundary between the middle and the posterior parts runs along the bony landmark called 'acromial angle' of the scapula [37] , distinguishable in all the cases as a palpable lump. A pin was put in the humerus in the most distal point of the DM insertion on the deltoid tuberosity. As described by Fridén and Lieber [14] , length measurements of the clavicular and spinal parts of the DM were taken along their external edges, while the acromial part of the DM was measured at the midline. At this stage of the dissection, it was also possible to follow the connections between the fascia enveloping the DM and the adjacent structures.
After the measurements were taken, the origin of the DM was dissected to visualise the inner surface of the muscle, along with the AN. While dissecting the muscle, connections between the DM and the infraspinous fascia were observed. Next, the neurovascular bundle was dissected in the quadrangular space. The blood vessels were resected. Upon visualisation, AN branches reaching particular parts of the DM were marked with pins of different colours. Thus, it was possible to precisely observe the scheme of DM innervation by individual branches of the AN.
The final stage of the study consisted of an assessment of the segmented morphology of the DM on 6 isolated muscle specimens. In those cases, the DM was dissected also from its insertion on the deltoid tuberosity. Upon identification of the origin and end tendons (OT and ET), some of the muscle fibres were gently removed from the inner part of the DM to gain access to the muscle structure approximately midway along its length.
The collected measurements underwent statistical analysis. The degrees of correlation were analysed between the width of the origins of particular DM parts, between the length of these parts and the length of the arm, and between the entire width of the DM origin and the length of the arm. The Shapiro-Wilk test was used to test whether the distribution of the values was normal. Spearman's rank correlation coefficient was applied to identify correlations, as it does not require assumptions such as parameter tests of Pearson's linear correlation [12] . All calculations were performed with STATISTICA software (version 10.0 PL).
results

General morphology and anthropometric measurements of the DM
In all specimens, it was possible to precisely identify three parts of the DM: the clavicular (anterior), acromial (middle) and spinal (posterior) parts. In 1 limb, although the spinal part of the DM was clearly separated, it shared a common insertion with the remaining parts ( Fig. 1) .
Correlations between the entire width of the DM origin and the length of the arm (p = 0.001), as well as between the length of the acromial part of the DM and the length of the arm (p = 0.003) were found. In addition, statistically significant correlations were found between the width of the spinal attachment and the length of the spinal part (p = 0.002), and between the width of the spinal attachment and the length of the arm (p = 0.0008). A statistically significant correlation was also observed between the length of the DM spinal part and the length of the arm (p = 0.01). Table 1 presents collected results of measurements of the DM taken from 17 upper limbs.
DM attachments with adjacent muscles and fasciae
In all the cases, the DM was strongly attached to the surrounding structures. The insertion of the DM was fused with the lateral intermuscular septum (Fig. 2) . Additionally, in all the specimens, a fusion was observed between the anterior band of the DM insertion (insertion of the clavicular part of the DM) and the insertion of the pectoralis major (Fig. 2) . The origin of the DM overlapped with and mirrored the insertion of the trapezius.
In the specimens, the inner surface of the spinal part of the DM was attached in several places to the infraspinous fascia and the fascia covering the teres minor (Fig. 3) . The tendinous origin of the spinal part of the DM was particularly strongly attached to the infraspinous fascia (Fig. 3) . It is noteworthy that the infraspinous fascia may envelop the infraspinatus muscle and the teres minor with 1 common compartment; both of these 2 muscles may also have their own separate fascial compartments, as illustrated in Figure 3 . Additionally, the fascia covering the DM was strongly attached to the deep brachial fascia. 
Internal structure of the DM
Upon investigation of the internal structure of the deltoid, specific architectonics were observed which consisted of the presence of a tendon system, both in the origins of its particular parts (OT and in the insertion -ET).
Origin tendons (OT)
After gentle separation of some of the muscle fibres on the inside of the DM, strong tendinous bands were observed in the origins (Fig. 4) ; in accordance with previous works, these were named origin tendons (OT) [24] . The most invariable OT system occurred in the acromial part of the DM, where 4 to 5 (SD 0.54) OT were found (branching OT were treated as 2 separate structures). The morphology of the acromial part in all the specimens was characteristic of a multipennate muscle (Fig. 4) . The length of the acromial part's OT, measured in 6 isolated specimens of the deltoid, varied from 36 to 72 mm, the avera- Deltoid muscle being dissected from the origin -posterior view; trap -trapezius; is -infraspinatus (infraspinous fascia partially removed); is* -fibres of the infraspinatus muscle being separated while separating the spinal part of deltoid from its attachment to the spine of the scapula (marked with a dashed line); white arrows -fragment of the infraspinous fascia closely attached to the tendinous origin of the spinal part of the deltoid; black arrows -bands joining the inner deltoid surface with the infraspinous fascia and the fascia covering the teres minor; nvbneurovascular bundle (before dissection); tmf -fascia covering the teres minor; delt-spinal -spinal part of the deltoid.
ge being 55 mm (SD 12 mm). Similarly, a strong OT tendon (32-mm-long) was found in the clavicular part solely as a variation (1 limb in 6, Fig. 4 ). In the spinal part, a flat tendinous origin was observed in all specimens, varying from 72 to 107 mm in width: the average width being 87 mm (Fig. 4) .
End tendons (ET)
In all of the 6 isolated specimens of the DM, after cautious resection of the insertion from the deltoid tuberosity, 3 main bands were observed and labelled the anterior part of the insertion (ai), the middle part of the insertion (mi) and the posterior part of the insertion (pi) (Fig. 4) . These bands were connected to the end tendons (ET) of particular parts of the DM -tendons of the clavicular part to ai, tendons of the acromial part to mi and the spinal part of the DM was inserted to pi (Fig. 4, arrows) . In the specimens, the total length of the DM insertion varied from 58 to 72 mm (65 mm on average, SD 7 mm) -with the average being 65 mm (SD 7 mm) for ai; 50 mm (SD 17 mm) for mi and 67 mm (SD 5 mm) for pi.
Innervation scheme of the DM
In all the specimens, a characteristic 'segmented' innervation scheme of the DM was observed. The AN was divided into an anterior branch (abAN) and a posterior branch (pbAN), seen to be located at various distances up to 14 mm from the quadrangular space, and the division could sometimes be observed at the quadrangular space (Fig. 5) . The abAN ran above the mid-length of the DM in all cases.
Two variations of DM innervation were observed. Variation I (Fig. 6) , found in 12 specimens (12/17), consisted of cases where the clavicular and the acromial parts were innervated by the abAN sub-branches, while the spinal part was supplied both by abAN sub-branches (anterior fibres) and by the pbAN sub--branches (posterior fibres). Variation II (Fig. 5) , found in 5 limbs (5/17), included those cases in which the spinal part did not have double innervation: the abAN innervation area covered only the acromial and clavicular parts while the entire spinal part was supplied by the pbAN sub-branches. Both variations had a 'segmented' arrangement of sub-branches connecting with individual parts of the DM, which were particularly distinct in the clavicular and acromial parts. In all cases, the abAN ran in the upper half of the DM, but its sub-branches reached both the lower and the upper half of the muscle (Fig. 6 ).
dIscussIon
Out of the 6 muscles of the pectoral girdle, only the DM originates on both bones of the girdle; the remaining muscles originate only on the scapula. The DM is the largest and the most superficial muscle in the shoulder region. It is triangular, with the tip pointing downwards; it is flat, v-shaped and relatively thick (up to 20 mm). In descriptive anatomy and in clinical practice, it is accepted that the DM is divided into three parts, distinguished based on the location of their origins [29, 31, 37] . However, based on function, this division may not be completely accurate [34] . The division of the DM into segments was described by Albinus as early as in 1734 [1] . Literature accounts suggest that the DM may be divisible into segments on the basis of the intramuscular tendon system [3, 24, 27, 34] , or alternatively, based on interpretation of the results of functional studies (such as EMG or PET) conducted on live subjects [5, 15, 34, 40] . Gorelick and Brown [15] performed a mechanomyographic assessment of contractile properties of 7 DM segments. Leijnse et al. [24] created a generic model of the origin and end tendons of the DM based on a structural analysis of 8 isolated deltoid muscles. On the basis of positron emission tomography scans of anatomical and functional DM segments, Sakoma et al. [34] propose that the DM can be divided into 7 segments, separated by intramuscular tendons. A literature search reveals many different intramuscular tendon system models, which is reflected in a variety of terms: Audenaert and Barbaix [3] use the term 'septae', Klapper et al. [21] describe such tendons as 'ligament-like bands', and 'Gray's anatomy' [37] refers to 'four intramuscular septa descending from acromion' which imbricate between 'three septa ascending from the deltoid tubercle', Lorne et al. [27] describe the fibrous scaffolding of the DM as 'fibrous bands' and Palastanga et al. [31] use the term 'tendinous slips'. The terms OT and ET, used by Leijnse et al. [24] seem to be the most cohesive and have been therefore adopted consistently in the present work.
In the specimens, the most invariable and most highly-developed intramuscular tendon system was detected in the acromial part of the DM. This part is described as having a multipennate muscle morphology [15, 24, 29, 31, 37] , which was confirmed by our observations. Such morphology can be accounted for by the function of the DM -it is the strongest muscle abducting the arm to the shoulder level [31] . The most numerous and, at the same time, the shortest fibres found in the multipennate middle part of the DM give it a lot of strength [31] . Gorelick and Brown [15] suggest that the contractile properties of individual segments are related to their structure -the multipennate acromial part had the slowest contractile properties, while the clavicular and spinal part fibres, involved in flexing and extending, as well as rotating movements of the arm, contracted faster. The arrangement and the contractile properties of muscle fibres in the acromial part of the DM may result from the fact that a lot of upper limb functions require the arm to be kept abducted for a long time, and additionally, acromial part fibres often contract eccentrically when adducting the arm back to the initial position [31] .
Measurements of OT length taken in the present study, cannot be compared to other study results, especially in the case of the acromial part, as no such data exists in the literature. A majority of authors agree that 4 OT originate from the acromial part of the DM [24, 37] . The result obtained in the present study group (4 to 5 OT) may follow from the fact that branching OT were treated as 2 separate structures. This observation complies with those of Sakoma et al. [34] on anatomical variations with double tendons in a single segment of the deltoid. Morgan et al. [28] describe the DM insertion as 'long and broad'. In the present study, the length of the DM insertion varied between 58 to 72 mm, with the average being 65 mm for ai; 50 mm for mi and 67 mm for pi. These results are closest to those of Ripsoli et al. [33] , in which the average length of ai was 70 mm, the average length of mi was 48 mm, and the average length of pi was 78 mm.
Variants of the DM where it is fused with the pectoralis major, or has additional bands from the trapezius or from the infraspinous fascia, have also been noted in the literature [37] . Examples have also been recorded of a separate spinal part of the DM [19, 20, 35] . It has been emphasised that there may be an attachment between the end of the DM and the lateral intermuscular septum or the brachial fascia [30, 34, 37] . A detailed description of anatomical variations of the infraspinous fascia is provided by Chafik et al. [6] . In the present study, the spinal part of the DM also displayed attachment to the infraspinous fascia, in all specimens.
There are functional reasons behind correlations found in the DM parameters of the specimens and they comply with anthropometric measurements results available in the literature. Ilnicka [18] demonstrated that the length of the belly parts of the limb muscles, the DM included, depends on body height and limb length, which was confirmed in the specimens used in this study: a distinct correlation was found between arm length, and the length of the acromial part and the spinal part of the DM. As Ilnicka [18] notes, arm length is a skeletal property which positively correlates with almost all muscle properties, irrespective of the muscle topography. On the other hand, muscle attachment located on the clavicle has more variety [18] . Thus, it seems that muscle length determines motion range to the greatest extent, while its architecture determines muscle function and motion control [16, 26, 41] . Muscle formation, including such parameters as the length of its contractile part, tendon length or attachment width, depends both on genetic factors and on the type of work it does [16, 17, 31, 41] . Fridén and Lieber [14] emphasizes the high degree of specialisation of the morphology of upper limb muscles.
Due to its clinical importance, research performed so far on DM innervation has been focused on the topography (route) of the AN. Even though variations of the AN have been subject of a lot of research [2, 4, 7, 13, 32, 39] , there are few studies of the detailed scheme of DM innervation [4, 39] . Anatomical variations of innervation of individual parts of the DM are clinically relevant. The clavicular and acromial parts are innervated by the abAN, as was found in almost all specimens in the present study, but the spinal part, as confirmed by Uz et al. [39] , may either be innervated only by the pbAN, or may have double innervation by the abAN and pbAN. Uz et al. [39] note such double innervation in 30% of cases. In our study, double innervation of the spinal part was found in a larger percentage of cases: 12 limbs out of 17. Such variations may be clinically significant, taking into account different surgical approaches, as well as transfer of the DM spinal part to the long head of the triceps, which is sometimes performed [10, 14, 39] . The spinal part of the DM contributes up to 20% to arm extension (Crouch et al. [10] ). Some studies indicate that the lateral pectoral nerve may also participate in DM innervation [36] . Such a variation was not found in the present study. Detailed innervation scheme of the DM was not systematically considered in the context of the muscle segments of the DM, even in the latest research [24, 34] . Our observations of the DM innervation scheme, with multiple sub-branches splitting at regular intervals from the main branches of the AN, are in line with the concept of anatomical and functional segmentation of the DM [3, 5, 24, 34, 40] .
conclusIons
The study confirmed the existence of a characteristic segmented innervation scheme of the DM which corresponds with the segmented morphology of its individual parts. An analysis of the internal structure of the muscle specific architectonics based on the tendon system was also presented. In all the cases, the DM was strongly attached to the surrounding structures. Additionally, the anthropometric measurements revealed that the arm length is a skeletal property which positively correlates with almost all DM properties.
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